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TTAGGG sequence [28] ; however, the sequences closer to the centromere become more chromosome-specific. Loss of this sequence during DNA replication does not alter the integrity of the telomere because it does not have a proteincoding open reading frame. However, it is known that this sequence is prone to sister chromatid exchange, with a much higher rate when it is found in close proximity to the telomeric repeats than in the intra-chromosomal TAR-like sequences [29] . It is only logical that other forms of protection are at play at the subterminal segments of the chromosomes, preventing telomeric recombination from taking place. This type of protection is provided by the telomeric and subtelomeric chromatin, which are responsible for the stability of the sequences adjacent to the telomere.
Heterochromatin-associated histone marks are present in the nucleosomes of both telomeric and subtelomeric chromatin, similar to the marks present in the constitutive heterochromatin of the pericentromeric regions [30] . These marks enable the telomeric and subtelomeric sequences to compact their nucleosomes tightly, impeding the chances of recombination through sister chromatid exchange or spontaneous telomere loss due to DSBs. The predominant histone marks found in the terminal regions of the chromosomes are H3K9me3 and H4K20me3; together with HP1, the histone methyltransferases SUV39H1/H2 and SUV4-20H1 establish and maintain such marks [31] [32] [33] . Apart from these post-translational modifications, the structure of the subtelomeric chromatin can also be regulated by direct DNA methylation. This modification is achieved by DNMT3a/3b and maintained by DNMT1; it is not only involved in the negative regulation of telomere length but is also essential to avoid inter-telomeric homologous recombination (HR) [32] (Fig. 1A) .
The telomeric region of the chromosome is free of DNA methylation because cytidine modification occurs in a CpG context, and the hexameric repetitive sequence that comprises the telomere is cytidine-poor (5'-(TTAGGG)-3'). Unlike the telomere, the subtelomere becomes hypermethylated in the presence of the DNMTs, an epigenetic condition associated with the transcriptional silencing of the promoters associated with active genes. Nevertheless, and in spite of being a gene-poor sequence similar to the pericentromeric regions, the subtelomeres are transcriptionally active regions of the genome that give rise to long non-coding RNAs (lncRNAs).
lncRNAs are defined as transcripts longer than 200 base pairs lacking open reading frames (ORF), they can present the addition at the 5' end of the structure called CAP but in some cases they do not have this biochemical modification, likewise they can be poliadenilated, suffer splicing, and may have several isoforms [34] . One of the main features of lncRNAs is that they are synthetized in low scale, they can be located in the nucleus and cytoplasm, besides having a differential expression pattern in different tissues, which suggest that lncRNAs are expressed in a tissue specific way [35] . Experimental evidences have demonstrated that lncRNAs may be involved in a variety of biological functions such as DNA methylation [36] , genomic imprinting [37] , nuclear organization [38] , gene to gene interactions [39] and regulation of chromatin structure [40, 41] , among others [42] .
Telomeric RNA: TERRA
The long non-coding RNA molecules transcribed from the sub-telomeric sequences carry telomeric repeats in their sequences and are involved in the maintenance and regulation the telomere's homeostasis. This lncRNA called
Telomere repeat-containing RNA (TERRA) is characterized by 5'-(UUAGGG)-3 repeats at its 3' end. This molecule was described in 2007 as a heterogeneous but specific product of subtelomeric transcription [43] . It can be generated from almost all telomeres in yeast and mammalian cells [43, 44] ; furthermore, it has been proposed to be evolutionarily conserved across vertebrates, as it has also been detected in zebrafish total RNA [44] . TERRA is always transcribed in a centromere-to-telomere orientation with varying length, depending on the location of the transcription start site (TSS) along the subtelomeric locus from which it is transcribed. For this reason, the lengths of TERRA molecules range from 100 bp to approximately 9 kb [43] .
Unlike in yeast, where telomeric RNAs (TelRNAs) can originate from both strands, mammalian TERRA molecules are only transcribed from the C-rich strand [46] . The polymerase responsible for its transcription is mainly Pol-II; however, studies performed on human osteosarcoma cells (U2OS) and mouse embrionic stem cells (ES) evidenced the inability to completely abolish the transcription of TERRA in the presence of a-amanitin, a Pol II inhibitor, which indicates that it can also be transcribed by other polymerases (although at a much lower rate) [44, 47] .
It was also found on both human and mouse cells that Pol-II interacts with the Shelterin complex via TRF1 to promote transcription close to the telomeric repeat track but does not depend on it for telomeric localization [44] . Similar to most messenger RNAs (mRNAs) transcribed by Poll-II, this lncRNA is also capped upon transcription with a 5' 7-methyguanosine cap (m 7 G). However, it was discovered that the other Pol-II characteristic modification, the 3' polyA tail, is only present in a portion of the transcribed TERRA. It was described that only 7% of the transcribed TERRA was poly-adenylated in Hela cells [47] although it is know known that the proportion of poly-adenylated TERRA varies according to cell types because a different amount of this lncRNA has been isolated from total RNA of U2OS osteosarcoma cells and mouse embryonic fibroblasts (MEFs) by precipitating poly-A tail-containing RNA. However, it is clear that when the lncRNA TERRA is poly-adenylated, it becomes much more dynamic than its unadenylated counterpart. According with experiments carried out on nuclear/cytoplasmic fractions of HEK293 cells, 80% of the TERRA molecules found in the nucleoplasm are poly-A (+) , whereas only 60% of the poly-A (-) lncRNAs were found in the nucleoplasm. The remaining 40% of the poly-A (-) TERRA was found associated with chromatin, indicating that only the poly-A (-) TERRA remains at the telomeres [66] . As already mentioned, not every telomere transcribes TERRA, but all telomeres are protected by it, so the poly-A tail represents a possible explanation for this phenomenon, where the poly-adenylated TERRA molecules could dissociate from Pol-II after transcription and diffuse through the nucleoplasm to associate with another telomere from which TERRA is not being transcribed.
This proposed mechanism, in which TERRA associates with the telomeres that do not transcribe the lncRNA, is crucial for the telomeric integrity of the chromosome and thus, to the genomic integrity of the cell. TERRA's importance is because it promotes the establishment of a compacted chromatin state upon association with the telomere. Owing to the interactions between TERRA and the Shelterin component TRF2 and the Origin Recognition
Complex (ORC), this lncRNA can indirectly interact with the isoforms of HP1 and the trimethylated form of histone 3 (H3K9me3), both of which are highly enriched in the constitutive heterochromatin [48] found at the peri-centromeric regions. More importantly, by interacting with both elements [49] , TERRA can assist in heterochromatin expansion, recruiting the HP1 isoforms to H3K9me3 and promoting the recruitment of SUV39H1.
Naturally, chromatin compaction is not the only way in which genome integrity is protected; the telomeric loops are also responsible for 3'-end protection, and TERRA is also involved in this phenomenon. The ssDNA is protected from 3'-end degradation as long as it remains in a looped conformation; however, loop structures are resolved by helicases during DNA replication to avoid stalled replication sites. During this process, TERRA can protect the telomere's G-rich overhang by creating an RNA-DNA hybrid structure [50] . This structure was first described as a naturally occurring DNA conformation of the dissociated G-rich overhang, for which it was called the G-quadruplex, in which four guanidines can form stable Hoogsteen-type hydrogen bonds along the same DNA strand in the presence of K + , whenever the former are oriented parallel to each other [51] . Although initially considered to only occur in vitro, the presence of G-quadruplexes in vivo has been confirmed in HeLa cells [53] .
To temporarily prevent the exonuclease-mediated degradation of uncapped telomeres, a DNA-RNA Gquadruplex hybrid can form at the 3' end of the G-rich overhang [15, 52] in an intra-or inter-molecular manner using guanidines from the ssDNA [50] . G-quadruplexes are also a part of the Telomere-Shelterin complex in a strong interaction with POT1, keeping the G-rich overhang safe from nuclease degradation in either its extended conformation via POT1 association or a protein-free complex structure, the G-quadruplex [15, 54] . Nonetheless, it isn't clear to what extent G-quadruplexes can prevent this phenomenon, since telomere resection in the absence of ssDNA binding proteins can be rampant.
It was recently found that, given its complementarity, TERRA can displace portions of the telomeric dsDNA and form G-quads with it, creating another stable loop structure known as the RNA loop (R-Loop). Because this association is dependent on the telomeric repeats found in TERRA [55] , the lncRNA can bind to practically any telomere regardless of the chromosome from which it was transcribed, provided it can diffuse from the site of transcription to other chromosomes. In this manner, TERRA can specifically tether the proteins described above to the telomeric region, thus promoting the accumulation and expansion of heterochromatin marks towards the subtelomeric regions. Recent findings point to the existence of protein domains that specifically recognize and bind the G-quadruplex conformation rather than the telomeric sequence per se [48, 49, 56] ; thus, telomere stabilization can be initiated without the involvement of proteins because the telomeric ssDNA can form RNA-DNA G-quadruplex hybrids with TERRA molecules upon completion of DNA replication but before the formation of the telosome complex. This process ensures that the presence of the ssDNA will not initiate any DNA repair mechanisms and creates a docking site for TRF1, TRF2 and the chromatin-modifying proteins that will restore the heterochromatin marks in both the telomeric and subtelomeric regions.
Because of the thermodynamic differences between the telomere-DNA and telomere-RNA quadruplexes, some research groups propose that the TERRA G-quadruplex may be a target in cancer therapy [50, 53] , where the main objective is to impair cell division. Stalled DNA replication due to the stabilization of the super-structure of aligned G-quadruplexes [57] may lead to cell death, whereas the disruption of the G-quad structures favors telomere extension via telomerase [54] . Consequently, the concentration of TERRA must be tightly regulated because either up-or downregulation during an inappropriate phase of the cell cycle may compromise the genomic integrity of the cell.
Transcription of telomeric RNA
Given the previous scenario, the chromatin at TERRA TSSs must remain poised for timely transcription but not allow constant lncRNA synthesis. As previously mentioned, the telomeric chromatin is compacted to avoid recombination events. This compaction is achieved by the hypermethylation of the subtelomeric DNA and histone post-translational modifications. The predominant histone marks found in the terminal regions of the chromosomes are the transcriptionrepressive marks associated with compact chromatin (H3K9me3) and the silencing of the associated promoters (H4K20me3) [58] . Nevertheless, the chromatin at the TERRA TSSs is enriched in the post-translational mark associated with active promoters, H3K4me3. This trimethylation mark is encompassed by facultative chromatin, rich in post-translational marks that enable chromatin relaxation and transcription elongation [59] (Fig. 1A ).
This open chromatin conformation is attained by the presence of insulator sequences that can be bound by the nuclear factor CTCF. This zinc-finger protein functions as a physical barrier to prevent the spread of the constitutive heterochromatin marks beyond the sites it delimits [60] . To accomplish this barrier function, CTCF associates with Cohesin, favoring the formation of chromatin loops and stabilizing them [48, 60] , thus maintaining open chromatin regions right in the middle of silenced chromatin. Some groups have classified human telomeres into two categories depending on the binding of CTCF at the subtelomeric region, close to the TERRA TSS, according with the results obtained from the analysis of the cell lines included in the human ENCODE database. Type 1 telomeres contain CTCF peaks at approximately 1-2 kb of the telomeric repeat track, and type 2 telomeres do not contain such peaks at the same locus [61, 62] . It has been proposed that type 1 telomeres are appropriate for TERRA transcription, as CTCF is able to recruit Poll II via its carboxy-terminal domain [63] . However, transcription should not be limited to CTCF association, as TRF1 can also interact with Pol II via its carboxy-terminal domain. Although Pol II does not depend fully on the interaction with TRF1 to localize to the telomeres, the number of TERRA transcripts diminishes upon TRF1 knockdown [48] .
Recruitment of TERRA
Irrespective of the manner in which the TERRA transcript is generated, it must be recruited to the telomeres. This point is when some components of the Shelterin complex come in handy, as the interaction between TERRA and TRF1/2 ensures that these transcripts remain tethered to the telomeric domains [48] . Specifically, it has been demonstrated on the human colorectal cancer cell line (HCT116) that the amino-terminal domain of TRF2 (GAR domain) is able to bind RNA. Furthermore, the GAR domain specifically recognizes G-rich RNA sequences that can form G-quadruplex structures, implying that the binding would take place based on the structure of the target and not its sequence. This finding also supports the hypothesis that TERRA molecules can bind to telomeres distinct from the one from which they were transcribed, as the G-quadruplex structure is formed with the telomeric repeats of TERRA (Fig. 1B) .
Naturally, RNA-protein interactions are not the only way in which TERRA is recruited to the telomeres. The sequence complementarity with the telomeric repeat tract enables TERRA to pair with the displaced DNA strand after replication and to form an R-Loop that would later be stabilized by the formation of the Shelterin complex. The presence of TERRA on the telomere is required for the stabilization of the telomeric complex and the maintenance of the heterochromatin in human telomeres from cancer cell lines [48] , but it has also been seen that TERRA can help in the co-recruitment of other proteins to the telomeres.
One such protein is ORC, which is not only essential for the bidirectional onset of DNA replication but also aids in the silencing of chromatin as was evidenced in human cell lines, preventing the telomere recombination events that would otherwise give rise to telomere-circles [48, 64] . The heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1) is another protein that is brought into proximity to the telomeres due to its interaction with TERRA.
HnRNPA1 actively participates in the exchange of ssDNA-binding proteins that takes place at telomeres after DNA replication. This nucleoprotein helps POT1 bind to the telomeric G-rich overhang by removing RPA bound nonspecifically to all replicated ssDNA during the early S phase; however, it is sequestered by TERRA when it is found in close proximity to the telomeres and is only allowed to displace RPA once TERRA levels decline during the late S phase [65, 66] (Fig. 1B) .
Another important example, if not the most important one, is the telomere-specific recruitment of telomerase facilitated by TERRA. The expression of Telomerase reverse transcriptase (TERT), the enzyme responsible for the maintenance of telomeric DNA length, is silenced after the early stages of development [67] and only remains active in rapidly dividing stem cell lineages, permitting the indefinite replication of their genetic material. The process of elongation itself is quite specific because it is regulated in a manner in which only the shortest telomeres are extended to a length that hinders the onset of apoptosis/senescence. In yeast, TERRA is involved in this length-specific recruitment of TERT, associating with this reverse transcriptase in the nucleoplasm and then taking it to the telomere from which it was transcribed [68] . This specific recruitment is founded in factors such as heterochromatin integrity, sequence complementarity, and RNA/protein interaction, which will be described briefly in this review, as the process is not fully understood.
TERRA TSSs are found in the subtelomeric region of most chromosomes. Because this region is transcriptionally restrictive, the chromatin marks around the TSS must be regulated to avoid inappropriate silencing of the locus. However, aberrant histone marks may also lead to the up-regulation of TERRA transcription [69] , increasing the nuclear concentration of this lncRNA upon telomere attrition [70, 71] . Constitutive heterochromatin is gradually lost when a chromosome undergoes accelerated shortening because of either uncapping followed by DNase resection of the overhangs or stalled DNA polymerases in proximity to the telomeric tract. Histone marks such as H3K9me3 and H4K20me3 cannot be properly retained after replication when sufficient telomeric chromatin with such marks is not available [72] . The loss of these marks occurs concomitantly with the decrease in the rate of DNA methylation at the subtelomeres and an increase in H3 and H4 acetylation, which is associated with open and transcription-permissive chromatin. Hence, a shortened telomere will begin over-expressing TERRA. In yeast, this scenario leads to TERRA molecules clustering in the nucleoplasm, forming foci that associate with Telomerase in the early S phase and are then recruited to the shortened telomere in the late S phase [68] .
It was discovered in that Saccharomyces cerevisiae TERRA is ten times more likely to recruit Telomerase to the telomere from which it was transcribed; for this reason, up-regulated TERRA transcription can initiate the telomere healing process, favoring the extension of the repetitive sequence to a length that hinders the onset of apoptosis.
Furthermore, telomere extension has been shown to increase the H3K9me9 density in human telomeres, leading to TERRA silencing via HP1α and SUV39H1 once the telomeric track has been extended [73] .
Degradation of TERRA
Heterochromatin restitution is a crucial event after the telomerase has lengthened the telomere that elicited the response. The reason for its importance is that over-association of TERRA will lead to the formation of stalled replication forks because of the insufficient number of helicases available to dissociate the lncRNA from all portions of the telomere. The amount of telomeric DNA that can be lost because of a stalled replication fork is considerably higher than the approximately 200 bp that are lost after every round of DNA replication [74] . Therefore, overaccumulation of TERRA at the telomeres can be considerably detrimental to the lifespan of a cell.
Because TERRA binds DNA stably, the displacement of the molecules requires an active process involving the participation of helicases that can unwind the DNA/RNA duplex and dismantle the G-quadruplex. The process of TERRA dissociation, as first described in yeast, identified the proteins of the EST1 complex as being responsible for the unwinding of DNA/RNA duplexes. This process begins during the S phase so that when telomere replication starts in the late S phase, the DNA polymerases are not hindered or stalled [75] . Interestingly, one of the proteins from the EST1 complex was also responsible for TERRA degradation after the dissociation of the lncRNA from the telomeric DNA.
Previous studies have already shown that the cellular concentration of human TERRA changes during the cell cycle, decreasing slowly during the S phase to its minimum at the S/G2 transition and increasing during G2 until the initial concentration is reestablished, with the peak levels at mitosis and interphase [76] . However, the factors responsible for TERRA processing had not been identified until the identification of the EST1 complex in yeast. In this model, the enzyme Rat1 degrades TERRA in a 3'-5' orientation to avoid the nucleoplasmic accumulation of TERRA [55, 77] , given that an excess of the RNA will disrupt the homeostasis of the Shelterin complex. Although abnormal concentrations of TERRA lead to the loss of the telomeric track, the mechanisms of telomere loss resulting from high or low levels differ.
On one hand, sub-optimal TERRA expression leads to the loss of constitutive heterochromatin because of the inefficient recruitment of histone modifiers [78] ; on human colorectal cancer cells subexpression of TERRA has also been reported to result in various telomeres defects similar to the ones that occur upon de-capping, such as multitelomeric ends, G-rich overhang shortening, or complete telomere loss [48, 79] . This aberration allows mammalian chromosome ends to be erroneously joined to each other by the NHEJ repair machinery via Ligase IV, producing anaphase bridges that will further shorten one of the chromosomes involved [22] . On the other hand, studies in yeast have shown that TERRA over-expression leads to stalled replication forks that will not be resolved via HR events because of the R-loops present in the un-replicated portion of the DNA [55, 80, 81] . This situation leaves the cell with two possible outcomes: either cleavage of the un-replicated portion of the DNA to allow the S phase to proceed or cell death due to extended cell cycle arrest during the S phase [80, 82] .
Role of TERRA in cancer
Telomeric instability has always been implicated as one of the causes of carcinogenesis. Evidence shows that telomere integrity, Shelterin association, loop formation, G-quads, and heterochromatin maintenance are related to the control of abnormal cell division and the potential risk for tumor development. The central role of TERRA in telomere homeostasis demonstrates that it may regulate key processes in tumorigenesis.
TERRA associates with the Shelterin complex via interactions with some members of the capping hexamer [48] and establishes the DNA/RNA G-quad structures that protect the ssDNA exposed by the formation of both Tloops and D-loops [17] . The characteristic telomeric heterochromatin marks are maintained and spread by TERRA via indirect interactions with chromatin-associated histone methyltransferases [73] . Although the evidence appears scattered and circumstantial when analyzed individually, when considered together, studies point to a role for TERRA in complex RNA-mediated telomere dynamics.
The first most obvious attempt at evaluating the connection between TERRA and cancer was the analysis of the relationship between telomere length maintenance and telomeric RNA transcription. Short TERRA transcripts have the capacity to inhibit the catalytic activity of TERT in vitro by associating with the telomerase RNA component (TERC) [18] of the holoenzyme due to sequence complementarity. However, this effect has not been found in vivo; in fact, some evidence points in the exact opposite direction. For example, in human cancer cells telomerase is able to lengthen the telomeres where there is steady expression of TERRA due to the low expression levels of DNMT1 and DNMT3b [83] ; additionally, it was found in yeast that TERRA only binds telomerase to aid in the recruitment of the previously assembled holoenzyme, forming foci that are later directed onto the telomere from which the lncRNA was transcribed [68] , thus functioning more as a mediator of telomere length maintenance in telomerase-expressing cells.
Considering that approximately 85% of human cancers overcome replication limits via re-expression of telomerase and in view of the above findings, the impact that the lncRNA TERRA could have in cancer development is quite important. Other studies have detected TERRA foci in human medulloblastoma and mouse cerebellar neuronal progenitor cells, associating TERRA with the proliferative and tumorigenic state of a cell in vivo [45] . These findings appear to contradict the hypothesis that TERRA expression and abnormal accumulation would lead to telomere excision; however, this outcome is dependent on RNaseH1 expression in the remaining 15% of human cancers. In such cancers, where recombination bypasses the replication potential limits, the balance between TERRA and RNaseH1 expression determines how efficiently telomere length is maintained and how telomeric ends are resected when the concentration of DNA/RNA hybrids increases (because depleting human cancer cells of this enzyme induces large telomeric excisions) [84] . It has been suggested that, in cells with activated ALT mechanisms, disturbing the cell-cycle regulation of TERRA transcription can serve as a therapeutic strategy to induce chromosome fragmentation and apoptosis [20] . In 2015, Flynn et al. reported that in HeLa cells the chromatin-remodeling protein ATRX repressed the transcription of the telomeric lncRNA in the G2/M phase, when the nuclear concentration of TERRA is at its lowest because of dissociation and degradation during S phase. In human cell extracts, the ssDNA-binding protein RPA is removed from the telomeric sequences in an interplay between hnRNPA1, POT1, and TERRA itself during the same G2/M phase [65] . This RPA-to-POT1 exchange is crucial to avoid HR at the telomeres in telomeraseexpressing cell lines (e.g., HeLa and SJSA1 cells); however, the association between RPA and POT1 is required in ALT-dependent tumor cells (U2OS and HUO9) because RPA ensures that longer telomeres can recombine with shorter ones. Nonetheless, the differences in this phenomenon provide evidence that the cell cycle-regulated transcriptional control of TERRA is defective in certain cancers [20] .
The previously discussed results indicate that the telomeric maintenance mechanisms of the cells in a specific type of cancer must be known before attempting to initiate any telomere-associated therapeutic treatment.
Furthermore, not every telomere behaves the same. It has been reported that different methylation patterns that affect telomere length occur at subtelomeric sequences in hepatocellular carcinoma (HCC) cells. When the same chromosomal sites from HCC and adjacent non-HCC samples from different patients were compared, the methylation patterns differed with a frequency of 47%. As an example of this complicated scenario, when the methylation patterns of the subtelomeric region from two different chromosomes with lengthened telomeres in HCC were analyzed, one of the loci exhibited hypomethylation (7q) while the other showed hypermethylation (21q) [85] .
Because TERRA expression is regulated by the chromatin state of the subtelomeric region, the variable outcomes that result from methylation pattern changes in regard to telomere length could be explained by the association of TERRA with the same telomeres that presented methylation changes. Evidence of this direct relationship has been described in cells obtained from ICF syndrome patients (characterized by immunodeficiency, centromere instability, and facial abnormalities), in which the hypomethylation of subtelomeric regions leads to increased levels of TERRA expression and to telomeric shortening [86] [87] [88] . A similar effect was observed in primary human fibroblasts upon cellular senescence, where severe telomere attrition takes place together with a decrease in constitutive heterochromatin marks at the subtelomeres (which speaks of a more relaxed, transcription-permissive chromatin) [62] or when TERRA expression is artificially enhanced in yeast, inducing telomere shortening [89] . Thus, some studies have attempted to associate the expression level of this lncRNA with telomere length and its possible consequences, such as cell-life span, disabled tissue replenishment, degenerative disorders [90] , tumor aggressiveness [61] , radiation sensitivity or resistance, etc.
Complications in the analysis of TERRA
At this point, it is worth mentioning that contradictory results obtained in the analysis of TERRA have been openly discussed by the research groups responsible for the findings. On one hand, using fibrosarcoma (HT1080), nontumoral fibroblast (HCA2), and lung-cancer (LB37) cell lines, Arnoult et al. reported that telomere length directly silences TERRA expression by increasing H3K9me3 and HP1a levels [73] . They also showed that the amount of the repressive histone mark H3K9me3 drops in late S phase and increases in late G2 and early G1, identical to the fluctuation in the concentration of the telomeric lncRNA. Thus, Arnoult et al. proposed a negative feed-back loop in which TERRA aids in the establishment and maintenance of the subtelomeric heterochromatin and also induces a Telomere Position Effect (TPE) on its own promoter to avoid heterochromatin spreading.
On the other hand, another group, using cervical carcinoma (HeLa), breast cancer (BRC-230), and gastric cancer (AKG and GK2) cell lines and SV40-immortalized skin fibroblasts (GM847), showed that telomere length and TERRA expression were not correlated with each other. They also analyzed the cells' sensitivity to radiation and concluded that the intra-population variation in telomere length led to no significant relationship between the telomere length and sensitivity to ionizing radiation [87] . The authors did emphasize that their results support the hypothesis that the regulation of TERRA expression is indeed telomere-specific and that specific telomere expression does not reflect total TERRA levels.
This discrepancy between the results obtained by these two groups may be explained by the lack of precise methods for accurate TERRA quantification because both groups stated the draw-backs of the methodologies used and the complications encountered during data interpretation. Specifically, quantification of TERRA expression by qPCR may be biased by the production of short transcripts during transcription initiation that may not even have any biological relevance in the processes in which the full-length TERRA molecule is involved (because the UUAGGG repeats are important for its interactions with TRF1 and TRF2 and the folding into G-quad structures, etc.); this issue is further complicated by the fact that only 20 TERRA-encoding subtelomeres have been described in human cells [91] . Hence, data analysis and interpretation should be considered carefully. Complications also arise when quantifying TERRA with Northern Blot using a protocol that, according to Van Beneden et al., measures the UUAGGG repeat content rather than TERRA molecules. It was also mentioned that the method of treatment of the gels before transfer to nitrocellulose membranes can affect the results because alkali treatment of the gels favors the transfer of high molecular weight RNA [91, 92] , which could be misinterpreted as a relationship between the length of the telomere and the length of the lncRNA molecules transcribed. Finally, the efficiency of RNA-FISH was also questioned, given that not every TERRA molecule is associated with telomeres or forms nucleoplasmic foci, which may lead to an underestimation of the levels of telomeric RNA in the nucleus [92] .
Conclusions and perspectives
Although different groups have found various effects of TERRA expression, it is clear that it does impact the telomeric state; whether it affects telomere length in a direct or indirect manner and whether it impacts it in an inverse or direct proportion is currently being discussed. Nonetheless, lncRNA differential expression has already been accepted as a hallmark of cancer. Large non-coding transcripts, including the telomeric ones, can interact with proteins in cis or in trans from their transcription sites and may act as diagnostic, prognostic, or predictive biomarkers. It has even been said that lncRNAs have the capacity to be used as gene-specific targeted regulatory molecules [93] , given the specificity of their associations with target or origin sequences.
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